Exopolysaccharides (EPS) produced by lactic acid bacteria (LAB) have gained increasing attention over the last few years. LAB are food-grade microorganisms, and the EPS that they produce contribute to the rheology and texture of food products (4, 9a) . Recently, important advances have been made concerning the chemical structure of EPS from lactococci, lactobacilli, and streptococci, as well as concerning the factors influencing their production and rheological properties (4, 9a, 29) . Most EPS are composed of the neutral sugars glucose, galactose, and/or rhamnose (3, 12, 15, 20, 21, 23, 27, 30, 31, 34-36, 40-42, 44, 49) . Some of them also consist of (acetylated) amino sugars (11, 32, 33, 37, 48) , and only one EPS containing fucose has been described (25) . Gene clusters directing EPS biosynthesis in mesophilic Lactococcus lactis subsp. cremoris and thermophilic Streptococcus thermophilus strains are organized in four functional regions: a central region with genes for glycosyltransferases specifically required for the assemblage of the EPS repeating unit, two regions flanking the central region that show homology to enzymes involved in polymerization and export, and a regulatory region located at the 5Ј end of the EPS gene cluster (1, 2, 17, 37, 45) . The chimeric structure of the eps loci suggests a very complex evolution, probably involving both horizontal transfer and exchanges within L. lactis and S. thermophilus species (1, 2) .
Glycosyltransferase genes from both mesophilic and thermophilic EPS producers have been studied by homologous and heterologous expression and seem to be the determining factors for EPS biosynthesis, monomer composition, and linkages (38, 39, 46, 47) . These enzymes form a repeating unit that is most probably connected to a lipid carrier anchored in the cytoplasmic membrane, which is most likely followed by transport of the repeating units across the membrane and polymerization of several hundred to several thousand repeating units to form the final EPS. However, not only the glycosyltransferases but also the enzymes involved in the biosynthesis of sugar nucleotides and sugar interconversions seem to play an important role in EPS production (6, 13, 18, 24) . For instance, a correlation has been shown between the activities of the enzymes ␣-phosphoglucomutase, glucose pyrophosphorylase, and UDP-galactose 4-epimerase, on the one hand, and EPS yields for S. thermophilus LY03, a strain that produces EPS consisting of glucose and galactose (6) , on the other. For Lactobacillus sakei 0-1 producing EPS composed of glucose and rhamnose, an additional correlation is seen between the activities of enzymes involved in dTDP-rhamnose synthesis and EPS yields (7) . However, contradictory results are reported in the literature concerning the relationship between enzyme activities and EPS production (9a) . At present, all of the genes encoding the enzymes that are putatively involved in the biosynthesis of the sugar nucleotides UDP-glucose (galU), UDPgalactose (galE), and dTDP-glucose and dTDP-rhamnose (rfbACBD) from glucose-1-phosphate have been cloned from L. lactis MG 1363 (19, 22) . The mechanism of incorporation of the amino sugar N-acetylgalactosamine in the EPS repeating unit is still unclear. However, it was seen that this component was absent in the EPS from the recombinant L. lactis MG 1363 strain, when MG 1363 was transformed with a plasmid harboring the eps gene cluster from S. thermophilus Sfi6, although the native EPS was present in incorporation of the latter strain. The synthesis of an EPS with a similar size, but in which incorporation of galactose instead of N-acetylgalactosamine took place, is most probably due to the lack of UDP-N-acetylglucosamine 4-epimerase activity in the former strain (39) . In this study, the exact monomer composition and structure of the EPS produced by S. thermophilus LY03 and S. thermophilus Sfi20 was determined through high-pressure liquid chromatography (HPLC) and nuclear magnetic resonance (NMR), respectively. Both strains produced the same EPS consisting of galactose, glucose and N-acetylgalactosamine. Furthermore, this study explored the association of the activity of the precursor-producing enzyme UDP-N-acetylglucosamine 4-epimerase, converting UDP-N-acetylglucosamine into UDP-N-acetylgalactosamine, with the presence of the particular monomer N-acetylgalactosamine, by measuring its activity in both S. thermophilus strains compared to that in a non-EPSproducing control strain. In addition, this quantitative study was set up to confirm results, reported earlier for S. thermophilus LY03, on the correlation between activities of the enzymes ␣-phosphoglucomutase, UDP-glucose pyrophosphorylase, and UDP-galactose 4-epimerase, on the one hand, and EPS yields, on the other. In parallel, levels of carbohydrate utilization were compared between the two EPS-producing S. thermophilus strains.
MATERIALS AND METHODS
Bacterial strains and media. S. thermophilus LY03 (kindly provided by V. Marshall, University of Huddersfield, Huddersfield, United Kingdom) and S. thermophilus Sfi20 (kindly provided by B. Mollet, Nestec, Ltd., Research Centre, Lausanne, Switzerland) were used as the EPS-producing strains throughout this study. The non-EPS-producing strain S. thermophilus NR (kindly provided by V. Marshall, University of Huddersfield) was used as a control for measuring UDP-N-acetylglucosamine 4-epimerase activities. The strains were stored at Ϫ80°C in de Man Rogosa Sharpe (MRS) broth (Oxoid, Basingstoke, United Kingdom), containing 25% (vol/vol) glycerol (9) . To obtain fresh cultures, the bacteria were propagated twice (12 h at 42°C) in a medium identical to the one used for the fermentations later on (see below). The fermentor inoculum was always prepared in two steps. First, 10 ml of customized MRS or milk medium (see below) was inoculated with 100 l of a freshly prepared culture. After 12 h of incubation at 42°C, it was used to inoculate 100 ml of customized MRS or milk medium. After another 12 h of growth at 42°C, this second preculture was used to inoculate the fermentor (10 liters).
Milk medium (10.0% [wt/vol] skimmed milk powder) was used for fermentations to produce EPS for both monomer composition analysis by pulsed amperometric detection through HPLC and structure elucidation by NMR spectroscopy (see below). For all other fermentations, a customized MRS medium was used; it contained (in grams liter , and the standard deviation averaged 5.0%. To determine the exact monomer composition of the EPS, both strains were inoculated (1%, vol/vol) from an overnight milk culture into 1-liter glass bottles of sterile milk medium (121°C, 20 min) and grown at 42°C for 12 h. The EPS were isolated as described before (10), dialyzed against ultrapure water for 6 days, and hydrolyzed (6 N trifluoroacetic acid at 100°C for 3 h). The monomer composition of the hydrolyzed EPS was determined using HPLC with a pulsed amperometric detector (Dionex, Sunnyvale, Calif.) and equipped with a CarboPac PA10 column (Dionex). A sodium hydroxide-sodium acetate gradient was used. Using this technique, the monomer composition could be determined accurately within a detection range of 0.001 to 0.010 g liter
Ϫ1
. EPS structure elucidation by one-dimensional NMR spectroscopy. Strains were inoculated (2%, vol/vol) from an overnight milk culture into 1-liter glass bottles of sterile milk medium (121°C, 20 min) and incubated at 42°C for 18 h. EPS were extracted by precipitating proteins with trichloroacetic acid (final concentration, 17%) and subsequently precipitating the EPS from the supernatant with an equal volume of chilled (4°C) ethanol. After the EPS was dialyzed against tap water for 72 h (the water was changed at least three times), it was FIG. 1. Batch fermentation profile of S. thermophilus Sfi20 growth and EPS production at 42°C and at a constant pH of 6.2. Cells were grown in a BiostatC fermentor containing 10 liters of customized MRS medium with 0.42 M glucose as the sole carbohydrate source. Symbols: f, cumulative base consumption; , biomass; F, HMM-EPS; E, LMM-EPS; ‚, residual glucose concentration; OE, lactic acid.
freeze-dried. For NMR spectroscopy analysis, the lyophilized polysaccharides (10 mg ml
) were dissolved directly in D 2 O (99.9% D; Goss Scientific Instruments, Ltd., Essex, United Kingdom). NMR spectra were recorded at a probe temperature of 70°C. The elevated temperature shifted the HOD signal to a higher field into a clear region of the spectrum. The higher temperature also increased the spectral resolution by reducing the sample viscosity. The NMR spectra were recorded on a Bruker Avance DPX400 MHz spectrometer operating with Z-field gradients and using Bruker's pulse programs. Chemical shifts (␦) were expressed in parts per million relative to internal acetone, ␦ 2.225. The one-dimensional 1 H-NMR spectra were processed with 32,768 data points. The two-dimensional gs-DQF-COSY spectrum was recorded in magnitude mode at 70°C; the time domain data were multiplied by a squared-sine-bell function (SSB 0). After application of a linear prediction and after Fourier transformation, data sets of 1,024 by 1,024 points were obtained.
Fermentation conditions. All fermentations were done in 15-liter laboratory fermentors (BiostatC; B. Braun Biotech International, Melsungen, Germany), with a working volume of 10 liters. The fermentors were computer controlled (MicroMFCS for WindowsNT; B. Braun Biotech International) and were sterilizable in situ. Sterilization was performed at 121°C for 20 min. For all fermentations, the optimal ratio of the initial carbohydrate-complex nitrogen concentration as determined earlier was applied (5). Lactose (0.22 M) and glucose (0.42 M), as well as additions of 0.14 M glucose, 0.14 M galactose, or 0.14 M fructose to 0.15 M lactose and additions of 0.07 M lactose, 0.14 M galactose, or 0.14 M fructose to 0.28 M glucose, were examined as the carbohydrate source(s). Carbohydrates were sterilized separately (20 min at 121°C) and aseptically pumped into the fermentor. The pH was controlled at 6.2 Ϯ 0.1 by the automatic addition of 10 N NaOH. The pH level and the amount of base added were monitored on line. The temperature was kept constant at 42 Ϯ 0.1°C. To keep the fermentation broth homogeneous, agitation was performed at 100 rpm with a stirrer composed of three standard impellers.
At regular time intervals, samples were aseptically withdrawn from the fermentor to determine the biomass (cell dry mass [CDM]), EPS production (polymer dry mass [PDM]), lactic acid concentration, galactose concentration, and residual carbohydrate concentrations (lactose, glucose, and fructose) as described elsewhere (10) . EPS isolation, including both high-molecular-mass EPS (HMM-EPS) and low-molecular-mass EPS (LMM-EPS), and routine monomer analysis were done as described previously, with standard deviations of ca. 20.0 and 5.0%, respectively (5). The maximum specific growth rate ( max , hour Correlations between enzyme activities and EPS yields. Samples of 50 ml were taken at three time points to prepare cell extracts for measuring enzyme activities: once during the exponential growth phase, at the end of the exponential growth phase when EPS production reached its maximum, and during the stationary phase or beyond the EPS maximum. Cell extracts were prepared as described previously (6) . The protein content of the cell extracts was determined with a commercial DC protein assay kit (Bio-Rad Laboratories, Hercules, Calif.) that is based on the method of Lowry et al. (26) . Crude cell extracts of both S. thermophilus Sfi20 and S. thermophilus LY03 and of a non-EPS-producing S. thermophilus NR control strain were assayed for UDP-N-acetylglucosamine 4-epimerase activity. This assay was performed as described by Estrela et al. (14) . The activities of nine enzymes either involved in the Embden-Meyerhof-Parnas (EMP) pathway (phosphoglucose isomerase, 6-phosphofructokinase, and fructose-1,6-bisphosphatase) or in the biosynthesis of glucose-1-phosphate (␣-or ␤-phosphoglucomutase) and sugar nucleotides as EPS precursor molecules (UDP-glucose pyrophosphorylase, UDP-galactose 4-epimerase, and dTDP-glucose pyrophosphorylase) were determined for S. thermophilus Sfi20 only, as described elsewhere (6) .
All enzyme activities were measured in triplicate and are expressed as mean values and standard deviations. In all of the assays, the reaction velocity was linearly proportional to the amount of cell extract. All reactions were carried out in a final volume of 0.5 ml. The statistical significance of associations between enzyme activities and amounts of EPS was determined based on a correlation test as outlined previously (6) .
RESULTS
EPS production kinetics of S. thermophilus Sfi20. Figure 1 represents a typical fermentation profile of the EPS-producing S. thermophilus Sfi20 strain grown in customized MRS medium with 0.42 M glucose as the sole carbohydrate source under optimal conditions of controlled temperature (42°C) and pH (6.2). Exponential growth took place during ca. 5 h. The stationary phase began after about 8 h of fermentation. Glucose was homofermentatively converted into lactic acid (by glycolytic degradation), and after 24 h, 16 g of glucose liter Ϫ1 re- mained unused in the fermentation broth. EPS production displayed primary metabolite kinetics (10) . S. thermophilus Sfi20 produced an HMM-EPS and an LMM-EPS, as was the case for S. thermophilus LY03 (5). HMM-EPS was produced mainly during the exponential growth phase. The production started after about 4 h of fermentation and reached a maximum of 826 mg of PDM liter Ϫ1 after 7 h of fermentation. LMM-EPS production started at the beginning of the exponential growth phase, decreased at the beginning of the stationary phase, and reached a maximum at the end of the fermentation. The decrease of HMM-EPS and the concomitant increase of LMM-EPS, after 10 h of fermentation, might possibly be due to enzymatic degradation. In contrast, at the beginning of the fermentation, both fractions were produced simultaneously. A comparable fermentation profile was observed for all fermentations carried out.
Monomer composition of the EPS produced by S. thermophilus Sfi20 and S. thermophilus LY03. Routine HPLC analysis with refractive index detection of both HMM-EPS and LMM-EPS of both S. thermophilus Sfi20 and S. thermophilus LY03, grown in customized MRS medium, resulted in the following galactose-glucose monomer compositions: 3.0:1.0 for S. thermophilus Sfi20 and 4.0:1.0 for S. thermophilus LY03 (10). Determination of the monomer composition of the EPS from both strains grown in milk medium by HPLC with pulsed amperometric detection resulted in a more precise composition, namely, galactose-glucose-N-acetylgalactosamine in 3.1: 1.5:1.0 and 3.2:1.4:1.0 ratios for S. thermophilus Sfi20 and S. thermophilus LY03, respectively (Fig. 2) . HPLC with refractive index detection could not detect galactosamine and could not distinguish between galactose and mannose. During acid hydrolysis, N-acetylgalactosamine is converted into galactosamine. When we used HPLC with amperometric detection, we found that glucose, galactose, and galactosamine could be separated efficiently. When the strains are grown and subcultured in MRS medium, mannose is also detected, derived from the glucomannans present in yeast extract. This mannose contributes to the higher galactose peak for routine HPLC analysis with refractive index detection. At present, it is not known why more mannose is isolated from the medium in the case of S. thermophilus LY03 than in the case of S. thermophilus Sfi20. For the remainder of this study, all EPS monomer compositions were determined using the routine HPLC method, since the only objective was to check whether the EPS monomer (Fig. 3A) . The locations of the related H-2 resonances were available from the COSY spectrum (␦ 4.49 H-2, 3.58 H-2, 3.76 H-2, and 3.91 H-2). The spectra and the H-1 and H-2 chemical shifts are in remarkable agreement with those reported for the EPS isolated from S. thermophilus CNCMI 733 (11) . The structure for the EPS from both strains is the same as that reported for S. thermophilus CNCMI 733 (11) and S. thermophilus Sfi6 (37), i.e., a branched tetrasaccharide repeating unit consisting of galactose, glucose, and N-acetylgalactosamine (Fig. 3B) .
Influence of the carbohydrate source on EPS yields and monomer composition. As found with S. thermophilus LY03 (6), S. thermophilus Sfi20 did not consume galactose, fructose, rhamnose, maltose, and sucrose as the sole carbohydrate source (data not shown). The highest amounts of EPS were obtained on glucose as the sole carbohydrate and with a combination of lactose and glucose ( Table 1 ). The r max values confirm that glucose seemed to be used preferentially compared to lactose, in particular when both carbohydrate sources were present. For both strains, fructose was fermented only when applied in combination with glucose or lactose (data not shown; see also reference 6). For all fermentations carried out with two carbohydrate sources, except for the ones where galactose was used as additional carbohydrate source, both sugars were consumed simultaneously and converted into lactic acid. Galactose as the sole carbohydrate source was not consumed; when galactose was added to glucose or lactose, it was consumed only upon prolonged fermentation (data not shown). The amount of EPS (total EPS, HMM-EPS and LMM-EPS) was influenced by the nature of the carbohydrate source used. However, the EPS monomer composition and galactose/glucose ratio remained unchanged for all carbohydrates and carbohydrate combinations tested; an average value of 3:1 was always reported.
Correlations between enzyme activities and EPS yields. Based on the observation that N-acetylgalactosamine was present in the EPS from S. thermophilus Sfi20 and S. thermophilus LY03, the UDP-N-acetylglucosamine 4-epimerase activity was measured in cell extracts of both strains at three different time points of fermentations carried out with glucose or glucose combinations and with lactose or lactose combinations as the carbohydrate source(s) ( Tables 2 and 3) . UDP-N-acetylglucosamine 4-epimerase converts the cell wall biosynthesis precursor UDP-N-acetylglucosamine into UDP- N-acetylgalactosamine. Both strains displayed UDP-N-acetylglucosamine 4-epimerase activity in all phases of the fermentation for all fermentable carbohydrates and carbohydrate combinations tested. No activity was observed in the non-EPSproducing S. thermophilus NR strain. However, it was not possible to correlate UDP-N-acetylglucosamine 4-epimerase activity with the total amount of EPS produced. Indeed, correlations (r) of 0.19 and 0.47 were observed for the S. thermophilus Sfi20 strain and the S. thermophilus LY03 strain, respectively (P Ͼ 0.10). Interestingly, the highest UDP-Nacetylglucosamine 4-epimerase activity was observed for all fermentations at the end of the exponential growth phase, the time point at which the maximum amount of EPS was produced as well.
Among the other enzyme activities measured in cell extracts of S. thermophilus Sfi20, phosphoglucose isomerase and 6-phosphofructokinase involved in the EMP pathway, ␣-phosphoglucomutase involved in the biosynthesis of glucose-1-phosphate, and both UDP-glucose pyrophosphorylase and UDP-galactose 4-epimerase involved in the biosynthesis of the sugar nucleotides UDP-glucose and UDP-galactose were found to be highly active during growth and EPS biosynthesis. The activity of fructose-1,6-bisphosphatase was very low. The activities of ␤-phosphoglucomutase and dTDP-glucose pyrophosphorylase (involved in dTDP-rhamnose biosynthesis) were almost zero (data not shown). A significant correlation was found between the total amounts of EPS produced and the enzyme activities of ␣-phosphoglucomutase, UDP-galactose 4-epimerase, and UDP-glucose pyrophosphorylase (Fig. 4) . Despite the fact that the activities of the last two enzymes were lower than for S. thermophilus LY03, all three enzyme activities were significantly correlated with EPS yield (P Ͻ 0.05). No correlation at all was observed between the total amount of EPS produced and the activities of phosphoglucose isomerase, 6-phosphofructokinase, and fructose-1,6-bisphosphatase (Fig.  5) . The correlation coefficient (r) was always less than 0.60 (P Ͼ 0.05).
DISCUSSION
The yogurt strains S. thermophilus LY03 and S. thermophilus Sfi20 produce at the same time two heterotype EPS with different molecular sizes, an HMM-EPS and an LMM-EPS. All EPS produced by both strains display the same monomer composition, namely, galactose, glucose, and (N-acetyl)galactosamine in the average ratio 2:1:1. The same primary structure was observed as for S. thermophilus CNCMI 733 (11) and S. thermophilus Sfi6 (37) .
The biosynthesis of bacterial EPS is initiated by the synthesis of the repeating units of sugar nucleotides (9a). The incorporation of the constituting activated monosaccharides into these EPS repeating units will depend on the activity of the corresponding specific glycosyltransferases, their encoding genes being part of the eps gene clusters (37, 45) . However, the supply of the activated sugars for EPS biosynthesis is dependent on the intracellular sugar nucleotide levels that are in turn influenced by the activities of the intracellular enzymes involved in their biosynthesis and interconversion. These enzymes have to be generated from housekeeping genes in the bacteria because they are involved in other indispensable cell processes as well. Common sugar nucleotides such as UDP-glucose and UDPgalactose are readily available, since they are required for cell wall biosynthesis (8) . In addition, a positive correlation has been observed for S. thermophilus LY03 and S. thermophilus Sfi20 between the activities of enzymes UDP-glucose pyrophosphorylase and UDP-galactose 4-epimerase and the EPS yields, a correlation independent of the fermentable carbohydrate source(s) used (6, 13, 16) . A higher activity of these enzymes will be responsible for an additional supply of UDPglucose and UDP-galactose to be incorporated in the EPS repeating units. UDP-galactose 4-epimerase is also involved in galactose breakdown by the Leloir pathway, fueling UDP-galactose through galactose-1-phosphate from galactose. Since most S. thermophilus strains are galactose negative, UDP-galactose 4-epimerase is believed to be especially active in EPS- a S. thermophilus LY03 and S. thermophilus Sfi20 were grown in batch cultures in MRS broth on lactose or glucose or combinations of lactose or glucose with other carbohydrates at 42°C and at a constant pH of 6.2. Samples were taken at three time points of the fermentation course, representing the exponential growth phase (point 1), the end of the exponential growth phase (point 2), and the stationary phase (point 3). Each value is always the average of two measurements; the standard deviation is approximately 12%.
producing S. thermophilus strains (6, 19, 28) . With EPS production by L. lactis subsp. cremoris NIZO B40, no relationship between activities of precursor-forming enzymes and the amounts of EPS produced on glucose and fructose was found. This may be explained by the difference in EPS production kinetics between mesophilic and thermophilic LAB strains (5) . EPS production in mesophilic LAB is not necessarily growth associated, so that the pool of enzymes involved in the biosynthesis of EPS precursors is fully available for EPS production either in the stationary growth phase or under nonoptimal growth conditions. The growth-associated character of EPS production in thermophilic LAB requires increased activities of EPS precursor-forming enzymes. Hence, the higher the EPS yields, the higher are the activities of the key enzymes.
The sugar nucleotides UDP-N-acetylgalactosamine and dTDP-rhamnose are not necessary for the normal cell functions and have to be synthesized from glucose-1-phosphate and from the cell wall precursor UDP-N-acetylglucosamine (in turn derived from fructose-6-phosphate), respectively, by UDP-N-acetylglucosamine 4-epimerase and dTDP-rhamnose synthesizing enzymes, respectively. The presence of these enzymes will thus determine whether N-acetylgalactosamine or rhamnose may be present in the EPS repeating unit (7, 39) . Indeed, the EPS repeating units from the strains S. thermophilus LY03 and S. thermophilus Sfi20 contain N-acetylgalactosamine but no rhamnose. Hence, both strains displayed high UDP-N-acetylglucosamine 4-epimerase activity and no dTDPglucose pyrophosphorylase activity, while the activity of both enzymes was zero for the non-EPS-producing S. thermophilus NR strain. However, it is remarkable that UDP-N-acetylglucosamine 4-epimerase activities of the EPS-producing strains were not correlated with the amounts of EPS produced, indicating that the enzyme might possibly be involved in other, unknown metabolic processes. FIG. 4 . Relationship between the activities of the enzymes ␣-phosphoglucomutase (OE; r ϭ 0.96), UDP-galactose 4-epimerase (}; r ϭ 0.93), and UDP-glucose pyrophosphorylase (f; r ϭ 0.93) and the total amount of EPS produced (n ϭ 8).
FIG. 5.
Relationship between the activities of the enzymes phosphoglucose isomerase (primary axis) (}; r ϭ 0.55; n ϭ 8), 6-phosphofructokinase (primary axis) (f; r ϭ Ϫ0.32; n ϭ 8), and fructose-1,6-bisphosphatase (secondary axis) (F; r ϭ Ϫ0.09; n ϭ 7) and the total amount of EPS produced.
With such data the identification of the rate-limiting enzymes in EPS production is thus difficult. On the one hand, some enzymes, in particular those involved in sugar nucleotide biosynthesis, take part in several cell processes. On the other hand, precursor molecules of the sugar nucleotides, such as glucose-6-phosphate and hence glucose-1-phosphate, serve as precursors or intermediates in many other pathways. As an example, the fructose-specific effect of lower EPS production levels on fructose than on glucose or lactose, seen in Lactobacillus delbrueckii subsp. bulgaricus (18) and L. lactis (24) , was supposed to be a result of the (very) low activity of fructose 1,6-bisphosphatase converting fructose-1,6-bisphosphate to fructose-6-phosphate, which is essential for growth on fructose but not on the other sugars. This was also supposed to be an essential step in the generation of the central sugar nucleotide precursor glucose-1-phosphate from fructose-6-phosphate (via phosphoglucose isomerase and phosphoglucomutase). However, in S. thermophilus strains, there seems to be no "backward" flow from fructose-1,6-bisphosphate to glucose-6-phosphate, a finding corresponding with a very low fructose-1,6-bisphosphatase activity (6) . Therefore, the breakdown of glucose or the glucose moiety of lactose is fueling EPS biosynthesis in LAB.
The monomer composition of the EPS produced by both strains S. thermophilus LY03 and S. thermophilus Sfi20 remained unchanged when they were grown on different carbohydrates, indicating no influence of the nature of the carbohydrate source on EPS composition (5, 13) . On the other hand, the highest amounts of EPS were produced on lactose and glucose for S. thermophilus LY03 and S. thermophilus Sfi20, respectively, and on a combination of lactose and glucose for both strains. The differences in EPS yields could be explained by the differences of activities of the enzymes involved in the sugar nucleotide biosynthesis, probably resulting in changed EPS precursor levels. However, the EPS composition of galactose and glucose in a 4:1 or 3:1 ratio for S. thermophilus LY03 or S. thermophilus Sfi20, respectively, does not seem to be influenced by differences of activities of the enzymes involved in the biosynthesis of sugar nucleotides when the strains are grown on different carbohydrate source(s). Finally, it has been postulated that the glucose moiety of lactose is preferentially consumed by S. thermophilus instead of glucose that is internalized from the growth medium (43) . While the glucose moiety of lactose is metabolized via glycolysis, in LAB two distinct pathways, the tagatose-6-phosphate pathway and the Leloir pathway, can be used for degradation of the galactose moiety. The genes of the tagatose-6-phosphate enzymes are absent in S. thermophilus; however, the gal genes for the Leloir enzymes are present but are not fully expressed due to a defect in the induction mechanism of the rate-limiting key enzyme galactokinase GalK. Apparently, during growth on lactose, either the pool of EPS precursor-forming enzymes or the metabolic flux in the direction of sugar nucleotides is less than during growth on glucose in S. thermophilus Sfi20. The situation with the two carbohydrates is reversed for S. thermophilus LY03 (6) .
To conclude, the relatively low EPS production levels displayed by (thermophilic) LAB could be increased by enhancing the metabolic flux toward the sugar nucleotides. Knowledge of the enzymes investigated in this and previous studies combined with measurements of intracellular concentrations of sugar nucleotides could lead to the development of a metabolic flux model. This strategy would generate a rationale for improvement of the EPS production levels that result from a complex biosynthesis pathway.
